Abstract In this study, Mucuna flagellipes seed extract was applied in the coagulation-flocculation of produced water (PW). Process parameters such as pH, dosage, and settling time were investigated. Process kinetics was also studied. Instrumental characterization of mucuna seed (MS), mucuna seed coagulant (MSC), and post effluent treatment settled sludge (PTSS) were carried out. The optimum decontamination efficiency of 95 % was obtained at 1 g/L MSC dosage, PW pH of 2, and rate constant of 0.0001 (L/g/s). Characterization results indicated that MS, MSC, and PTSS were of network structure, primitive lattice, and thermally stable. It could be concluded that MSC would be potential biomass for the treatment of produced water under the experimental conditions. 
Introduction
The production of oil and gas is accompanied by significant production of water, commonly known as ''produced water''. Although there is no report of environmental disaster of high magnitude associated with produced water disposal in Niger Delta region of Nigeria, it is nevertheless known that much of this waste fluid is discharged into the environment or re-injected into the wells (Ezemagu 2015) .
Produced water (PW), highly turbid in nature, is generated during first stage of petroleum exploitation and/or as associated residual fluid during petroleum storage. Several physical and chemical factors affect the characteristics of produced water. These factors include, but are not limited to, humic acids content, suspended/dissolved organic and inorganic substances, pH, and temperature (Frost et al. 1998; Wang et al. 2014; Ezechi and Isa 2014) .
Over the years, there has been increasing concerns for the environmental protection of aquatic systems receiving inadequately treated PW. In order to address these concerns, different treatment techniques have been employed. They include, but are not limited to, adsorption, microfiltration, photo-catalysis, ion exchange, reverse osmosis, oxidation, coagulation-flocculation and neutralization, dissolved air precipitation, biological degradation, nanofiltration, and ultra-filtration (Shubo et al. 2002; Jerry et al. 2011; Colberg et al. 2012; Bouaziz et al. 2014; Huang et al. 2014; Ezemagu 2015) .
Among these technologies, coagulation-flocculation presents a superior viable primary treatment option for the PW. The advantages of coagulation-flocculation over other technologies are: (1) easy on-site implementation, (2) high treatment efficiency, (3) simplicity, and (4) low installation and operating costs (Karthik et al. 2008) . Coagulation has always been the core effluent treatment process for removal of colloidal and organic/inorganic materials, which could cause color and turbidity (Choi et al. 2008; Ugurlu et al. 2008; Zheng et al. 2009; Wei et al. 2009; Menkiti and Onukwuli 2012; Okolo et al. 2014) .
Coagulation entails addition of coagulant to water in order to neutralize the charges on the colloidal particles, thus eliminating the repulsive forces that keep the particles apart, so that the particles come close enough to stick together. The continuous multiple build-up of the sticking particles into visible settleable flocs is known as flocculation (Huang and Chen 1996; Tatsi et al. 2003) .
The performance of the coagulation-flocculation process is largely affected by the coagulant type, raw effluent quality, temperature, pH, chemical and effluent's bacteriological characteristics etc. (Jin 2005; Menkiti et al. 2009 ). Chemical coagulants such as ferric chloride, calcium hydroxide, alum, ferric sulfate, ferrous sulfate, polyaluminium chloride, and lime (Amokrane et al. 1997; Graham et al. 2008; Yang et al. 2010; De Godos et al. 2011; Imran et al. 2012 ) have been widely used in removing a wide range of particles from wastewater. Nevertheless, these chemical coagulants have disadvantages, which include large volume of sludge resulting in huge disposal cost, not being effective in low-temperature water, and high procurement cost. Furthermore, aluminum-based coagulants are associated with Alzheimer disease in humans (Moraes 2004; Chen et al. 2010; Zhu et al. 2011) .
Because of these inherent disadvantages of the chemical coagulants, search for alternative coagulants becomes imperative. Natural coagulants have attracted more attention due to their eco-friendliness. Natural coagulants are considered safe for human health, because they are biodegradable, natural, nontoxic, and renewable (Zhao et al. 2012; Rajab et al. 2013) .These natural coagulants of plant origin include, but are not limited to, Moringa oleifera, Maize, Nirmali (Strychnos potatorum) seed, Plantago psyllium, Plantago ovata, Hibiscus esculentus seed pods, Chestnut, Jatropha curcas seeds (Sen and Bulusu 1962; Tripathi et al. 1976; Raghuwanshi et al. 2002; Oluwalana et al. 2004; Mei Fong et al. 2014; Sciban et al. 2009 ). In this current work, extract from mucuna seed (MS), provided the focus for this study.
MS has been considered for use as a coagulant because it is biodegradable, nontoxic, and safe to human health. It also contains highly soluble proteins (Menkiti et al. 2010; Ugonabo et al. 2012; Ezemagu 2015) . The application of either natural or mineral coagulants is associated with generation of sludge. The sludge generated during biocoagulation has not yet been studied; a gap this work is attempting to close. An insight into the basic characteristics of the PTSS could provide vital information for possible wide application of the sludge. It could also give ideas on the treatment and disposal options available for PTSS. This study also extended into how process parameters would influence the effectiveness of mucuna seed coagulant (MSC) in the decontamination of PW, in addition to the study of the process kinetics.
Materials and methods

Material preparation and characterization
Produced water (PW)
The produced water was collected from a petroleum refinery located in Port Harcourt, Nigeria. The collected sample was stored and characterized on the bases of standard procedure (APHA 1999) . The Chemical Oxygen Demand was determined by following the methodology (specific to high salt containing liquid waste) as described by APHA (1999) . In accordance with the procedure, the digestion mixture was prepared by adding K 2 Cr 2 O 7 , 3 g (which was previously dried at 103°C for 2 h), to concentrated (18.4 M) H 2 SO 4 , 167 mL and HgSO 4 , 33 g, and made up to 500 mL with distilled water. The mixture was cooled to room temperature before it was diluted to 1000 mL. The sulfuric acid reagent (2.5 %, w/v) was prepared by dissolving Ag 2 SO 4 in H 2 SO 4 . The sampling of wastewater and digestion mixture of the sample was carried out in accordance with methodology described under the analysis of water and wastewater in the literature (APHA 1999).
Mucuna seed (MS)
The MS sample was bought from Eke-Aku market, IgboEtiti, Enugu State, Nigeria. Distilled water was used to thoroughly wash the samples of MS, which was then sun dried for 10 days. The samples were processed to MSC based on the modified procedure reported by Sutherland (2005) . In this procedure, 100 g of sieved powdered MS was soaked in ethanol and the soaked mixture was continuously stirred using a magnetic stirrer for 2 h 30 min. Next, the mixture was filtered using Whatman filter paper no 3. The residue obtained after the filtration was transferred into a beaker containing 1:25 w/v mixture of complex salts (0.7 g/L CaCl 2 , 4 g/L MgCl 2 , 0.75 g/L KCl, 30 g/L NaCl) solutions. The mixture of residue and complex salt solution was stirred for 2 h using a magnetic stirrer. Then, it was filtered using Whatman filter paper in order to discard spent solid. The filtrate was poured in a sufficiently agitated beaker and heated at 70°C for 2 min to precipitate out the needed biocoagulant from the filtrate solution. The precipitated biocoagulant (MSC) was poured into the specified filter paper(s) and allowed to dry at room temperature for 24 h to solid biocoagulant.
Coagulation-flocculation procedure
The coagulation-flocculation experiments were conducted using a jar test apparatus at room temperature and are described as follows.
Influence of dosage of MSC on removal efficiency
The initial turbidity was measured using a Digital Turbidimeter (model WZS-185, Japan). The pH of produced water (PW) was also recorded at room temperature. For each run, 1000 mL of PW samples were poured in ten different 1000 mL-GG-17 beakers. The desired dosages of MSC were between 0.5 and 5 g/L. The jar testing started when desired MSC dosages were put into PW samples contained in the 1000 mL beakers and rapid mixed at 250 rpm for 3 min. This was followed by slow agitation at 30 rpm for 40 min. After slow mixing, the treated PW samples were immediately transferred into 1000 mL Borex measuring cylinders. Then, each of the PW samples in the various cylinders was allowed to settle for 35 min. During the settling time, 15 mL of the supernatant (upper layer of the settling effluent) was pipetted from 3 cm depth into a 120 mL cuvette. Residual particle concentrations of supernatants were recorded. The residual particle concentration (in mg/L) was obtained as a product of residual turbidity (NTU) and conversion factor (T f ). T f has a value of 2.35 (Metcalf and Eddy Inc 2003) .
Influence of PW pH on removal efficiency
For the evaluation of the effect of pH, the optimum dosage of MSC obtained in Sect. 2.2.1 was used in the jar test as described below: the pH of PW was adjusted to desired pH using 0.1 M H 2 SO 4 and 0.1 M NaOH just before dosing of the MSC. After the adjustment, MSC samples with optimum dosage were separately put into eight beakers containing 1000 mL PW, and subsequently rapid mixed (250 rpm) for 3 min and slow mixed (30 rpm) for 40 min using a magnetic stirrer. After the slow mixing, each of the treated PW sample was allowed to settle for 30 min. During settling time, 15 mL of the supernatant was withdrawn from 3 cm depth and measured for particle concentration (mg/L) at the specified pH.
Influence of time on removal efficiency
First, an optimum amount of MSC was put into a beaker containing 1000 mL PW. Then, the mixture of PW and MSC was rapid mixed at 250 rpm for 3 min, and then slow mixed at 30 rpm for 40 min, using a magnetic stirrer. Finally the treated PW was allowed to settle for 30 min. During settling period, the particle concentrations were determined at 3, 5, 10, 15, 20, 25, and 30 min using conversion factor of 2.35.
Instrumental characterization
The precursor (MS), biocoagulant (MSC), and settled sludge (PTSS) were characterized using the following instruments: (i) Thermo Nicolet Nexus 470/670/870FTIR unit (Thermo Nicolet Corporation, USA), (ii) Zeiss EVO Ò MA 15 EDX/WDS unit (Zeiss, USA) (surface morphology), (iii) PHILIPS X PERT X-RAY diffraction unit (PANalytical, USA) with Cu Kr radiation (30 kV and 30 mA) at a scan rate of 1°/min (XRD), (iv) TGA-Q50 and DSC-Q200 unit (TA Instruments, USA) (Thermal stability).
3 Kinetics theory and model development for coagulation process
The Brownian coagulation theory
In an aqueous suspension, where Brownian motion dominates, the number of collision occurring per unit time per unit volume, K xy , for two particles of volumes V x and V y is expressed as (von Smoluchowski 1917; Liyang 1988; Holthof et al. 1996; Menkiti et al. 2010) :
where b BR (v x v y ) is the Brownian aggregation collision frequency which depends on particle size, temperature, and pressure; n x n y is the particle concentrations for two particles of sizes x and y.
The formation rate r f of particles of volume v p , as a result of collisions between particles of volumes v x and v y is expressed as (Liyang 1988; Okolo et al. 2014) :
Note that x ? y = p shows that the summation is governed by collisions, for which
In a reverse case, the dissociation rate of particles of volume v p by collision with other particles is given as (Liyang 1988; Okolo et al. 2014) :
Hence, the rate of change in the number of density of particles of volume V p is
Substituting Eqs. (2) and (4) into Eq. (5), yields
The collision frequency function can be obtained through the steady-state particle diffusion as:
where
Thus Eq. (7) is simplified to:
For a monodisperse system where particles of volume, v x = v y , the Einstein-Stokes relation could be expressed as Eq. (9) (Holthof et al. 1996) :
Hence the Einstein-Stokes equation is reduced to:
Inserting Eq. (10) into Eq. (8) yields:
For the collision frequency function of Eq. (12), for the case of monodisperse dimer formation, the following conditions apply:
and for the case of a x = a y , Eq. (12) transforms to Eq. (13):
where K 11 is the Von Smoluchowski coagulation rate constant. Also for the case of K xy ? K 11 = b BR (v x v y )n x n y , Eq. (6) is solved exactly to yield:
It has been established for an aggregating system at n = 1; it could be extended into flocculation regime, such that 
is the Menkonu coagulation-flocculation rate constant accounting for Brownian coagulation-flocculation transport of destabilized particles at ath order. e p is the collision efficiency.
The coagulation-flocculation period is obtained from Eq. (14) as
The physical significance of Eq. (16) is that it represents the time at which the initial total number of particles is reduced by half and it is therefore a coagulation time scale.
The coagulation-flocculation efficiency could be calculated using Eq. (17)
4 Results and discussion
Characterization results
Characteristics of produced water (PW)
The characteristics of PW are shown in Table 1 . The conductivity value obtained in Table 1 showed that PW contained charged ions from different substances that made Pet. Sci. (2016) 13:328-339 331 up the PW. The high turbidity of PW in Table 1 was due to the suspended solids which accounted for the cloudiness of the effluent. The values as represented in Table 1 were adequate to favor coagulation-flocculation treatment of PW.
Mucuna seed (MS)
Shown in Table 2 are the physiochemical parameters values of MS, such as yield (%), weight (%), bulk density (g/ mL), ash content (%), oil content (%), moisture content (%), and protein content (%), which were obtained based on the standard AOAC methods (Atkins 1990 ). The calculated yield value depicted in Table 2 is significant to highlight the prospect of MS as a good precursor that could be processed into MSC.
FTIR spectra analyses of MS, MSC, and PTSS
The prevalent functional groups of MS, MSC, and PTSS were determined from Fig. 1 using spectra (4000-600 cm -1 ) that were compared to an FTIR library (Stuart 2004 Figure 2a for MS depicts the aggregated porous network structure of tender looking tissue. Figure 2b for MS depicts magnified, multiple aggregated networked pores that are evenly distributed. These pores are an initial indication of active sites for sticking of particles. Figure 3a for MSC shows more enlarged pores in the MSC. The multiple predominant pores characterized by rounded protrusions indicated added porosity after processing MS into MSC. Figure 4 for PTSS shows a highly compact and filled structure without voids. The filled pores indicated that the particles readily attached on the surfaces of the pores to form the sludge. The existence of the white region could be as a result of transfer of potassium-based compounds from effluent to MSC to form PTSS. Table 3 shows the elemental compositions of MS, MSC, and PTSS. Clearly the presence of elements, originally not seen in MSC, but subsequently present within PTSS matrix, was an indication of transfer of elements/particles from PW to the MSC.
SEM/elemental results of MS, MSC, and PTSS
XRD result of MS, MSC, and PTSS
The X-Ray diffraction for: (a) MS, (b) MSC, and (c) PTSS are depicted in Fig. 5 . Figure 5a might be the result of expansion or contraction of MSC (Ezemagu 2015) . Figure 5b , c indicated primitive lattice structure for MSC and PTSS, respectively. MS was poorly crystalline.
4.1.6 TGA/DSC of mucuna seed (MS), mucuna seed coagulant (MSC), and post treated settled sludge (PTSS)
These are analyses (TGA and DSC) that account for the thermal behavior of samples (Brukh and Mitra 2007; Vyazovkin 2012; Menkiti et al. 2014) . Figures 6, 7 , and 8 show the TGA and DSC curves for MS, MSC, and PTSS. The thermograms shown in Fig. 6a (MS) and Fig. 7a (MSC) had final residual mass of 1.189 mg (27.5 % original mass) and 1.839 mg (60 % original mass), respectively. In Figs. 6a and 7a , the first weight losses resulted from internal moisture and gaseous losses from the samples . Furthermore, weight losses were linked to the decomposition of the labile component in both MS and MSC. Phase transition occurred over the temperature ranges of 37.5-298 and 25-298°C, with transition enthalpies of 13.779 and 11.8421 kJ/mol (Figs. 6b, 7b) , respectively. Both Figs. 6b and 7b demonstrated the coiling of the long chain protein moiety, leading to spontaneous densification. At 125-298 and 162.5-298.5°C, the densification occurred with absorption of thermal energy (Figs. 6b, 7b) . This was an indication that the heat flow disks exhibited exothermicity. Figure 8 shows the TGA/DSC of PTSS. Figure 8a for PTSS shows dehydration and volatilization that persisted till 262.5°C, losing about 10 % (0.352 mg) of its weight (Verma et al. 2010; Ezemagu 2015) . Between 262.5-450°C, the residue oxidized and lost about 15 % (0.88 mg) of its weight. At maximum 590°C in Fig. 8a , PTSS lost 1.1 mg of its initial mass (3.520 g). At 590°C, oxidation and dehydration of sample were at maximum (Verma et al. 2010) . The weight loss could be attributed to fragmentation or decomposition of labile components in the sample. The interactive effects of MSC with various chemical substances and particles contained in PW are shown as two eutectics downward peaks in Fig. 8b . The presence of the two peaks in Fig. 8b indicated that the components of the sample were not a single pure substance. However, Figs. 6, 7, and 8 indicated thermal stability.
Process factors influence
4.2.1 Effect of MSC dosage on particle removal efficiency Figure 9 showed that the particle removal efficiency increased from 58.1 % at 0.5 g/L of MSC, reaching a maximum of 60 % (at 1 g/L of MSC) and thereafter reduced to 52.9 % at 2.5 g/L. Minimum efficiency was recorded at 50.1 % for 5 g/L. The removal efficiency increase resulted from increased protonation of the fluid, which incrementally destabilized PW-charged species (mainly -ve charges), leading to the particle removal efficiency increasing as MSC dosage increased from 0.5 to 1 g/L. The removal efficiency then declined with increasing MSC dosage (1.5-5 g/L). The decline resulted from sustained restabilization and returbidization following net protonation of the fluid after 1 g/L MSC dosing was exceeded. In this work, 1 g/L was adopted as optimal dosage and applied in the evaluation of pH effect in Sect. 4.2.2.
4.2.2 Effect of pH on particle removal at 1 g/L of MSC Figure 10 shows the effect of pH, varied from 2-9, on particle removal. The profile in Fig. 10 indicated alternate decline and increment in performance as the pH changed from 9-2. The particle removal efficiency which rose in pH ranges of 3-2 and 7-5 could be linked to increased protonation of the fluid. Conversely, the declined in performance at pH ranges 9-7 and 5-3 could be linked to ?ve and -ve species-induced charge reversal, respectively. The charge reversal occurred when either one of the charged species was in excess. The maximum removal efficiency of 84 % at pH 2 indicated a point of equilibrium in the concentrations of ions and counter-ions participating in the coagulation-flocculation process .
4.2.3 Variation of particle removal efficiency with time at 1 g/L of MSC and pH 2
The variation of particle removal efficiency with time at 1 g/L of MSC and pH 2 is shown in Fig. 11 . Figure 11 shows that the particle removal efficiency gradually Dosage, g/L value of K m , the higher the efficiency in clarification. Preferentially, best results can be obtained at a range of 1-2 Ugonabo et al. 2012) . For the process kinetics, the value of R 2 indicates a second-order model for the perikinetic process. For perikinetics, 2K m = b BR . A high magnitude K m translates to high kinetic energy necessary to reduce the zeta potential within the fluid medium. The result would be substantial reduction in double layer effects or improved colloidal destabilization at low s 1/2 (30.003 s) to enhance the high rate of process aggregation.
Process kinetics
Conclusion
In this report, the performance of MS extract as an effective biocoagulant has been established at the conditions of this study. The process effectively removed 84 % of particle load from the PW effluent. Also, the study showed that dosage and pH had significant influence on the performance of MSC. Characteristics of MSC have shown biomass with sufficient active surface to be used as a biocoagulant. The sample would be also considered thermally stable. The sludge composition indicates it could be a resource for materials absorbed from the effluents.
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